With infrared ellipsometry we studied the response of the confined electrons in a γ-Al 2 O 3 /SrTiO 3 heterostructure in which they originate predominantly from oxygen vacancies. From the analysis of a so-called Berreman mode, that develops near the highest longitudinal optical phonon mode of SrTiO 3 , we derive the sheet carrier density, N s , the mobility, µ, and also the depth profile of the carrier concentration. Notably, we find that N s and the shape of the depth profile are similar as in LaAlO 3 /SrTiO 3 heterostructures for which the itinerant carriers are believed to arise from a polar discontinuity. The main differences concern the higher mobility and a relatively stronger confinement of the electrons in γ-Al 2 O 3 /SrTiO 3 .
I. INTRODUCTION
The observation that highly mobile electrons can be created at the interface between the nominal band-insulators SrTiO 3 (STO) and LaAlO 3 (LAO) with ∆ STO gap = 3.2 eV and ∆ LAO gap = 5.6 eV, respectively, has initiated intense research activities on LAO/STO heterostructure 1 .
Meanwhile, it has been demonstrated that functional field effect devices can be made from these oxide heterostructures 2 which even allow one to tune a superconductor to insulator quantum phase transition at very low temperatures 3 . A major unresolved question concerns the origin of these confined charge carriers and the conditions for obtaining a high mobility.
The explanations range from (i) an electronic reconstruction due to the polar discontinuity at the LAO/STO interface which gives rise to a transfer of 1/2 e charge per STO unit cell (corresponding to a sheet carrier density of N s =3.3×10 14 cm −2 ), (ii) an intermixing of La and Sr cations across the interface 4 , to (iii) the creation of oxygen vacancies which may be stabilized near the interface by space charge effects 5 . While the polar discontinuity scenario (i) has obtained a great deal of attention, more recently the focus has shifted toward the oxygen vacancies (iii). In particular, it has been demonstrated that an electron gas can be created in the absence of a polar discontinuity, for example at the LAO/STO (110) interface 6 , with amorphous LAO cap layers 7, 8 , and even with a γ-Al 2 O 3 (GAO) top layer which has a spinel structure. Note that the latter remains polar, but with a much reduced polarity compared to LAO/STO 9, 10 . The results reported in Ref. 11 suggest that both the oxygen vacancies and the polar discontinuity can be the source of mobile electrons that are confined near the surface of STO. Notably, the highest mobility reported to date has been achieved in GAO/STO heterostructures for which there is clear evidence that oxygen vacancies are at the heart of the interfacial electrons 9,10 .
This raises the question about the differences in the dynamical properties of the interfacial electrons and also of the concentration depth profiles in these different kinds of heterostructures. In GAO/STO the latter has so far only been determined at room temperature using x-ray photoelectron spectroscopy (XPS) 9,12 . The depth distribution of the confined electrons at low temperature, where the dielectric constant of STO is much larger and the electron mobility strongly enhanced, is yet unknown. Some of us have previously shown for the case of LAO/STO that this information can be obtained with infrared ellipsometry 13 . Here we present a corresponding ellipsometry study of a GAO/STO heterostructure.
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II. SAMPLE GROWTH AND CHARACTERIZATION
The GAO thin film with a thickness of 2.5 unit cells has been grown by pulsed laser deposition (PLD) on a singly TiO 2 -terminated (001) STO crystal with a repetition rate of 1 Hz and a laser fluence of 2.5 J cm −2 , and monitored by in-situ high pressure RHEED 9 .
During the deposition at 600
• C, the oxygen pressure was kept constant at 10 −4 mbar. After the deposition, the sample was cooled down to room temperature at the deposition pressure without any further post oxygen annealing. The sample has been studied with standard The spectrum of ∆Ψ shown in Figure 1 (a) reveals two major features. The broad peak with a maximum near 956 cm −1 corresponds to the Berreman-mode. It has been previously pointed out that the difference in frequency between this maximum and ω LO (STO) is a measure of the plasma frequency of the itinerant electrons, ω pl 13 . The intensity of this peak is determined by the overall sheet carrier density and its broadening by the mobility (or the inverse scattering rate). For the case of LAO/STO it was shown that this peak has a strongly asymmetric shape which provides additional information about the depth-profile of the carrier concentration 13 . For the LAO/STO system the carrier density is highest next to the interface and decreases rather rapidly toward the bulk of STO over a length scale of about 11 nm.
The second feature is a fairly sharp and pronounced minimum around ω dip ≈865 cm
that occurs slightly above ω LO (STO) where the real part of the dielectric function of STO matches the one of the GAO top layer such that the interface becomes fully transparent.
As was outlined in Ref. 19 and Ref. 13 , this dip feature contains contributions from the out of plane and the in plane components of the dielectric function. The in plane contribution arises from the Drude-like response of the itinerant electrons which leads to a reduction of ε 1 (865 cm −1 ) and, given a low mobility and thus large scattering rate, an increase of ε 2 (865 cm −1 ). The strength of this dip is a measure of the overall carrier density N s , it is rather insensitive to the details of the depth distribution of the itinerant carriers (since the penetration depth of the infrared light is on the order of a micrometer). It is also not sensitive to the in plane mobility of the carriers, unless it is very low such that the Drude peak in ε 2 is very broad and extends to the dip feature.
We start by analyzing the ellipsometric spectra of GAO/STO with the same model that was used in Ref. 13 for the LAO/STO heterostructures. rather than a reduced strength of the dielectric screening in STO. The latter would require a hardening of the soft mode in STO that results from defects and compressive strain which both are expected to be stronger in LAO/STO than in GAO/STO.
IV. SUMMARY
With infrared ellipsometry we have studied the so-called Beremann mode in GAO/STO heterostructures which arises from the itinerant charge carriers that are confined to the in-8 terface. We analyzed the Beremann mode with the same model that was previously reported in Ref. 13 for LAO/STO heterostructures and found that both samples have a similar sheet carrier densities and asymmetric shapes of the depth profile of the carrier concentration.
This is rather surprising since the main origin of the confined carriers is supposed to be different, i.e. oxygen vacancies in GAO/STO and a polar discontinuity in LAO/STO. The most significant differences concern the mobility of the charge carriers, which is significantly higher in GAO/STO, and the thickness of the depth profile of the confined electrons which is smaller. The stronger carrier confinement in the GAO/STO heterostructure is also impressive, since unlike LAO/STO, it is not subjected to any post annealing procedure. Its higher electron mobility can be understood in terms of reduced disorder and strain effects at the GAO/STO interface, while the stronger carrier confinement may be the result of a stronger confining potential.
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